We investigate the effects on U.S. ozone air quality from 2000-2050 global changes in climate and anthropogenic emissions of ozone precursors by using a global chemical transport model (GEOS-Chem) driven by meteorological fields from a general circulation model (NASA/GISS GCM). We follow the IPCC A1B scenario and separate the effects from changes in climate and anthropogenic emissions through sensitivity simulations.
Introduction
Ozone in surface air is toxic to humans and vegetation. It is produced by photochemical oxidation of carbon monoxide and volatile organic compounds (VOCs) in the presence of nitrogen oxides (NO x ≡ NO + NO 2 ). These ozone precursors have large anthropogenic emissions, particularly from fuel use. Rapid global change, including changes in both climate and anthropogenic emissions of ozone precursors, is expected in the coming decades [IPCC, 2001] . These changes have consequences for future ozone air quality by affecting air pollution meteorology [Holzer and Boer, 2001; Rind et al., 2001; Mickley et al., 2004; Leung and Gustafson, 2005] as well as ozone production on regional and global scales [Jacob et al., 1999; Fiore et al., 2002a, b; Hogrefe et al., 2004; Stevenson et al., may be lower than projected by the IPCC [2001] because air pollution control legislation will likely become stronger.
Climate change can influence surface ozone air quality by affecting the the regional-scale air pollution meteorology as well as the chemical environment for ozone formation. Lin et al. [2001] showed that the probability of ozone air quality standard exceedances in different regions of the United States correlates strongly with temperature, suggesting that a rise in temperature would aggravate ozone pollution. A model sensitivity study by Dawson et al. [2007] indicates that a uniform increase of surface temperature by 2.5 K would result in 1-3 ppb increases of the summertime daily maximum 8-hour average (max-8h-avg) ozone in the East. Mickley et al. [2004] showed that the severity and duration of summertime stagnation episodes in the Midwest and Northeast could increase significantly in the 2050s climate relative to present due to decline in the frequency of mid-latitude cyclones tracking across southern Canada. Decreasing cyclone frequency as a result of greenhouse warming appears to be a robust result from both model studies [Lambert and Fyfe, 2006] and long-term observations [McCabe et al, 2001] .
A number of previous chemical transport model (CTM) Hess [2006] found an increase of summer ozone of up to 5 ppb in the East by 2100 (A1 scenario) but little change in the West. Another global model study by Racherla and Adams [2006] for 1990-2050 (A2 scenario) found ozone decreases over most of the United States but slight increases over the mid-Atlantic region and a large increase in the Southeast. .
Other CTM/GCM studies have examined the combined effect on U.S. ozone air quality of 21 st -century changes in climate and in anthropogenic emissions of ozone precursors. Tao et al. [2007] found an increase of U.S. surface ozone by 2050 by 2-15% with the A1FI scenario and a decrease by 4-12% with the B1 scenario. Tagaris et al. [2007] calculated decreases of 11-28% (A1B scenario),, largely driven by the projected domestic emission reductions.
We use here a global CTM for tropospheric ozone and aerosols (GEOS-Chem), driven by meteorological fields from the NASA/GISS GCM 3, to investigate the effects of A1B
2000-2050 global change on ozone air quality in the United States. A companion paper [Pye et al., 2007] examines the effects on aerosol air quality. The A1B scenario describes a future world with rapid economic growth and introduction of new and more energyefficient technologies, reduction in regional differences of per capita income, and balanced energy generation from fossil and alternative fuels. We account for the effects of climate change on natural emissions of ozone precursors, including biogenic VOC emissions from vegetation and NO x emissions from lightning and soils. The effects from climate change and from changes in anthropogenic emissions of ozone precursors are studied separately and then together through an ensemble of sensitivity simulations.
Model description and future emissions
The interface between the GEOS-Chem CTM and the GISS GCM was previously described by Wu et al. [2007] . We use the "qflux" version of the GISS GCM 3, with a horizontal resolution of 4° latitude by 5° longitude and 23 vertical layers in a sigmapressure coordinate system extending from the surface to 0.002 hPa [Hansen et al., 1984; 1988; Rind et al., 2007] . The lowest three layers extend up to 200, 500, and 1000 m altitude for a column based at sea level. In the qflux model, monthly mean ocean heat transport fluxes are calculated iteratively for present-day climate to reproduce observed sea surface temperatures. These ocean heat transport fluxes are then held fixed, while sea surface temperatures and ocean ice are permitted to respond to changes in climate. We performed a 1950-2000 spin-up starting from climate equilibrium to adequately initialize the ocean, using observed trends of the well-mixed greenhouse gases (including CO 2 , CH 4 , N 2 O, and halocarbons), ozone, and aerosols [Hansen et al., 2002] . For 2001 to 2050
we followed the IPCC A1B scenario for the well-mixed greenhouse gases, with CO 2 as calculated in the Bern-CC model [Houghton et al., 2001] . CO 2 levels reach 522 ppm by 2050. We assumed no changes in ozone and aerosol concentrations during 2001-2050 for the purpose of driving climate change.
Meteorological output from the GISS GCM was archived with 6-hour resolution (3-hour for surface quantities and mixing depths) for input to the GEOS-Chem CTM, replicating the type and frequency of input variables customarily provided to GEOS-Chem by the NASA/Goddard Earth Observing System (GEOS) assimilated meteorological 1 2 observations [Bey et al., 2001] (Table 1a) . For simulations with present-day anthropogenic emissions, the methane concentrations are specified with a global mean of 1750 ppb and a 5% interhemispheric gradient based on observations. Methane is projected to rise to 2400 ppb by 2050 in the A1B scenario [IPCC, 2001] , and a globally uniform methane concentration of 2400 ppb is included in the model chemistry for the simulations with future anthropogenic emissions.
Natural emissions of ozone precursors (Table 1b) solely by temperature and solar radiation [Guenther et al., 1995; Wang et al., 1998 ]; we do not account for the effects of changes in atmospheric CO 2 concentrations [Constable et al., 1999; Rosenstiel et al., 2003; Centritto et al, 2004] or land cover [Sanderson et al., 2003 ]. Lightning NO x emissions are parameterized as a function of deep convective cloud top [Price and Rind, 1992; Wang et al., 1998; Li et al., 2005] emission increases by 8% due to increased temperature and precipitation.
We conducted simulations for four cases: (1) present-day climate and emissions, (2) Wu et al. [2007] showed that the corresponding interannual variability in tropospheric ozone budgets simulated by GEOSChem is weak (1% for global ozone burden and 0.2% for global ozone production).
Model evaluation
The GEOS-Chem model driven by assimilated GEOS meteorological fields has been extensively evaluated in past studies by comparisons with observations of ozone and its 
Effect on daily maximum ozone concentrations
The U.S. EPA has been using the metric of daily maximum 8-hour average ozone (max8h-avg) for the ozone air quality standard. We use this metric here and focus our attention on the summer months (June -August) when ozone is highest. Figure 2 (Table 1a) .
However, they can be partly offset by climate change. When only climate change is considered and the anthropogenic emissions of ozone precursors are held at present-day levels, the max-8h-avg ozone increases by 2-5 ppb over large areas in the United States, with maximum effect over the central states (Figure 2 ). In contrast, the ozone background as represented by the ozone concentrations over the oceans decreases with climate change, largely driven by the decrease of ozone lifetime associated with higher water vapor [Johnson et al., 1999] . The shorter lifetime of PAN in a warmer climate also contributes to the decrease of ozone levels in remote areas while it can increase the ozone levels near source regions. Negligible effects of climate change on ozone or slight decreases are found over the Northwest, Southeast, and New England; this partly reflects the Texas also results in a large regional increase in mixing depth, whereas mixing depths tend to decrease in the rest of the country due to increased soil moisture.
Wet convective mass fluxes tend to decrease in the East, as shown in Figure 3 . In general, increased water evaporation from the oceans in the future climate is expected to increase stability over continents due to latent heat release [Rind, 1986] . However, we also find an increase in the frequency of deep convection, reflected in the increase in lightning NO x emissions (Table 1b) . Convective plumes, although generally less frequent in the future climate, can reach higher altitude due to more available water vapor [Del Genio et al., 2007] .. States in our simulation thus appears to reflect a combination of higher temperatures, lower mixing depths, reduced convective ventilation, and more frequent stagnation episodes. The effect of higher temperatures on ozone is partly through increased emission of biogenic isoprene and partly through lower PAN stability [Jacob et al., 1993; Sillman and Samson, 1995; Dawson et al., 2007] .
We find little climate-driven ozone change in the Southeast, in contrast to the Northeast.
Increasing isoprene emission in the Southeast in the model actually tends to reduce ozone levels because of (1) sequestration of NO x as isoprene nitrates [Wu et al., 2007] , and (2) direct ozonolysis of isoprene [Fiore et al., 2005] . A sensitivity simulation for 2000
conditions with 25% increase in isoprene emissions shows a 1-2 ppb ozone reduction in the Southeast in contrast to an increase in the Northeast, consistent with the previous work of Fiore et al. [2005] . This result is highly sensitive to whether isoprene nitrates represent a terminal or temporary sink for NO x [Wu et al., 2007 ; Horowitz et al., [ 2001] shows that the probability of max-8h-avg ozone exceeding 85 ppb increases with temperature in both the Southeast and the Northeast, though the increase in the Southeast is much weaker. 
Effect on ozone pollution episodes
The previous GISS GCM study by Mickley et al. [2004] using pollution tracers found that the effect of 2000-2050 climate change on air quality in the Northeast and Midwest was largest during pollution episodes (high tail of the probability distribution). We examine this effect here through the cumulative probability distributions of summer max8h-avg ozone for three regions: Midwest, Northeast, and Southeast (geographical definition in Figure 5 ). Figure 6 shows the probability distributions of ozone over the Midwest for the base case (2000 conditions) and the three sensitivity simulations. Each curve in Figure 6 represents the ensemble of daily max-8h-avg surface ozone values for the three summers and for all grid squares in the region. We see that climate change has indeed the greatest effect on the high end of the distribution, corresponding to pollution events; the 95 th percentile ozone increases by 10 ppb by 2050. Inspection of the cumulative probability distributions of temperature in the Midwest shows a similar effect, i.e., maximum change at the high end of the distribution representing heat waves (Figure 7 ). This likely reflects the increase in frequency of stagnation episodes [Mickley et al., 2004] , with a positive feedback involving soil moisture that exacerbates the surface temperature increase through reduced evaporation [Schar et al., 2004] . In contrast, ozone in the mid-range of the probability distribution has typically a strong influence from subsiding background air [Fiore et al., 2002b] . This background ozone is expected to decrease as a result of climate change [Johnson et al., 1999] which partly offsets the ozone increase. we find that ozone in the Southeast is insensitive to climate change over the full extent of the probability distribution and actually shows the opposite relationship at the extreme high end. As discussed earlier, the increase of isoprene emissions over the Southeast in our simulation actually tends to decrease ozone levels. Frontal passages are also less important in the Southeast, where most of the summertime ventilation is by convection [Li et al., 2005] .
Our finding of the greatest sensitivity of ozone to climate change during pollution episodes is consistent with the previous model studies of Hogrefe et al. [2004] and Tagaris et al. [2007] . In contrast, Murazaki and Hess [2006] found the largest ozone increases at the low end of the probability distribution for their target region of the eastern and central United States. This discrepancy appears to be partly due to the different statistics used. Murazaki and Hess [2006] did not include the spatial variation of ozone within their target region for constructing the probability distribution and instead sampled only the spatial maximum, median, and minimum. We reconstructed our ozone probability distributions using their method, and indeed also obtain a large effect in the mid-range of the probability distribution; this appears however to reflect sub-sampling relative to the full distribution including spatial variation. We still find (with their method) negligible effect at the low end of the ozone distributions; their finding of a large effect 
The climate change penalty and implications for emission controls
The increase in surface ozone as a result of future climate change represents a 'climate change penalty' because it offsets the benefits of emission controls to reduce ozone pollution, and it implies that more stringent emission controls will be required to meet a
given ozone air quality target in the future. Figure 6 shows the climate change penalty in the Midwest, for 2000 and 2050 emissions (black and green arrows respectively). One can alternatively express the climate change penalty as the amount of additional NO x emission controls that will be required as a result of climate change to attain a given air quality target, considering that NO x is usually the limiting precursor for ozone formation.
The A1B scenario assumes a 40% anthropogenic NO x emission reduction in the United
States from 2000 to 2050 (Table 1a) , representing projected emission control strategies to improve ozone air quality. We may assume that this reduction is intended to achieve a specific ozone target, guided by model simulations for the present-day climate. This target is represented by the green curve in Figure 6 , which shows the effect of reducing NO x emissions for the present-day climate. However, climate change will cause the ozone air quality to improve less than desired (blue curve in Figure 6 ), so that additional emission controls will be required to meet the original ozone air quality target based on present-day climate call for a 40% decrease in U.S. NO x emissions, then our analysis indicates that 25% additional controls (i.e., a 50% decrease in emissions) will be needed to compensate for the climate change penalty and meet the ozone air quality target in the Midwest. anthropogenic emissions is also apparent from Figure 6 (black vs. green arrows). This points to a significant co-benefit of reducing U.S. anthropogenic emissions, i.e., mitigating the climate change penalty or even turning it into a climate change benefit as in the Southeast or the Northwest (Figure 9 ). In the latter case, the changing climate actually enhances the effectiveness of emission controls. There are two reasons why domestic emission reductions act to mitigate the climate change penalty. First, the ozone background then makes a relatively larger contribution to surface ozone and we have seen previously that climate change (higher water vapor) causes this background to decrease. The second is related to the effect from increasing isoprene with climate change. The lower NO x levels reduce the efficiency of ozone production from isoprene [Lin et al., 1988; Sillman et al., 1990; Kang et al., 2003 ] and hence lead to less increase (as occurs in the Northeast) or further decrease (as occurs in the Southeast) of ozone in response to the increasing isoprene.
Conclusions
We We find that surface ozone in remote areas decreases in the future climate due to enhanced ozone destruction associated with increased humidity. As a result, the background surface ozone imported into the United States [Fiore et al., 2003a ] is expected to decrease with climate change. uncertain [Giacopelli et al., 2005; Horowitz et al., 2007] . In addition, it is unclear whether the assumed temperature dependence of isoprene emission (based on measurements of instantaneous response) applies to projecting emission in a warmer climate. Other effects such as changes in land cover and increasing CO 2 [Rosenstiel et al., 2003; Centritto et al, 2004] would likely be more important in affecting isoprene emission but are not considered in our work.
Through intercomparison with previous model studies, we find that the Southeast is the region with the least consensus regarding the effects of climate change on ozone air quality. We speculate that this is driven at least in part by differences between models in the yield and fate of isoprene nitrates. There is better agreement between models in the Northeast and Midwest; most find that these two regions are likely to experience substantial degradation of ozone air quality in the future climate. 'climate change penalty' for emission control strategies aiming to achieve a certain ozone air quality target. This means in particular that a 40% projected decrease in U.S.
anthropogenic NO x emissions (as assumed in the A1B scenario) to meet an ozone air quality target assuming 2000 climate will fall short of this target in the Midwest and Northeast (though not in the Southeast), according to our model. We find in a sensitivity simulation that a reduction of up to 50% in U.S. NO x emissions is necessary under the 2050 climate to achieve the same ozone air quality in the Midwest and Northeast as a (a). Results are based on 3-year GCM averages (1999-2001 and 2049-2051) .
(b). Including alkenes, monoterpenes, and acetone, but not methanol. 
